To examine how climate affects soil development and nutrient availability over long timescales, we studied a series of four long-term chronosequences along a climate gradient in southwestern Australia. Annual rainfall ranged from 533 to 1185 mm (water balance from −900 to +52 mm) and each chronosequence included Holocene (≤ 6.5 ka), Middle Pleistocene (120-500 ka) and Early Pleistocene (∼2000 ka) dunes. Vegetation changed markedly along the climosequence, from shrubland at the driest site to Eucalyptus forest at the wettest. Soil pH was similar in the youngest soil of each chronosequence, although the carbonate and P contents of the parent sand declined from dry to wet along the climosequence, presumably linked to variation in offshore productivity. Despite this, soil development and associated nutrient status followed remarkably consistent patterns along the four chronosequences. Pedogenesis involved decalcification and secondary carbonate precipitation in Holocene soils and leaching of iron oxides from Middle Pleistocene soils, leading ultimately to bleached quartz sands in the oldest soils. Along all chronosequences soil pH and total P declined, whereas C:P and N:P ratios increased, which is consistent with the predicted change from N to P limitation of vegetation during ecosystem development. The expected unimodal pattern of leaf area index was most pronounced along wetter chronosequences, suggesting an effect of climate on the expression of retrogression. The four chronosequences do not appear to span a pedogenic climate threshold, defined as an abrupt change in soil properties across a relatively small change in climate, because exchangeable phosphate and base cations declined consistently during long-term pedogenesis. However, the proportion of total P in organic form was greater along wetter chronosequences. We conclude that soil and nutrient availability on the coastal sand plains of southwestern Australia change consistently during long-term pedogenesis, despite marked variation in modern vegetation and climate. The four chronosequences provide a rare soil-age × climate framework within which to study long-term ecosystem development.
Summary
To examine how climate affects soil development and nutrient availability over long timescales, we studied a series of four long-term chronosequences along a climate gradient in southwestern Australia. Annual rainfall ranged from 533 to 1185 mm (water balance from −900 to +52 mm) and each chronosequence included Holocene (≤ 6.5 ka), Middle Pleistocene (120-500 ka) and Early Pleistocene (∼2000 ka) dunes. Vegetation changed markedly along the climosequence, from shrubland at the driest site to Eucalyptus forest at the wettest. Soil pH was similar in the youngest soil of each chronosequence, although the carbonate and P contents of the parent sand declined from dry to wet along the climosequence, presumably linked to variation in offshore productivity. Despite this, soil development and associated nutrient status followed remarkably consistent patterns along the four chronosequences. Pedogenesis involved decalcification and secondary carbonate precipitation in Holocene soils and leaching of iron oxides from Middle Pleistocene soils, leading ultimately to bleached quartz sands in the oldest soils. Along all chronosequences soil pH and total P declined, whereas C:P and N:P ratios increased, which is consistent with the predicted change from N to P limitation of vegetation during ecosystem development. The expected unimodal pattern of leaf area index was most pronounced along wetter chronosequences, suggesting an effect of climate on the expression of retrogression. The four chronosequences do not appear to span a pedogenic climate threshold, defined as an abrupt change in soil properties across a relatively small change in climate, because exchangeable phosphate and base cations declined consistently during long-term pedogenesis. However, the proportion of total P in organic form was greater along wetter chronosequences. We conclude that soil and nutrient availability on the coastal sand plains of southwestern Australia change consistently during long-term pedogenesis, despite marked variation in modern vegetation and climate. The four chronosequences provide a rare soil-age × climate framework within which to study long-term ecosystem development.
Introduction
Pedogenesis over thousands to millions of years involves marked changes in nutrient availability (Vitousek, 2004) . In particular, nitrogen (N) availability increases in the early stages of ecosystem development through biological N fixation, whereas phosphorus (P) availability declines continuously as P is lost by leaching at a greater rate than it is replenished by weathering or atmospheric inputs (Walker & Syers, 1976) . This causes a long-term shift from N to P limitation of plant biomass and productivity (Vitousek & Farrington, 1997; Wardle et al., 2004; Laliberté et al., 2012) , which is reflected in marked changes in the diversity and function of plant and microbial communities (Williamson et al., 2005; Jangid et al., 2013; Laliberté et al., 2013; Zemunik et al., 2015) .
Rates of pedogenesis and nutrient depletion are affected markedly by climate (Chadwick & Chorover, 2001; Selmants & Hart, 2010; Feng et al., 2016) . Assuming other soil-forming factors are held constant (i.e. topography, parent material and vegetation), wetter sites are expected to lose rock-derived nutrients at a greater rate than comparable drier sites because of accelerated weathering and greater leaching losses. However, vegetation typically co-varies with climate and might mitigate nutrient loss. For example, wetter sites tend to support more plant biomass than drier sites, which retains nutrients in the system and reduces the rate of nutrient loss by leaching when precipitation is in balance with potential evapotranspiration (Porder & Chadwick, 2009 ). In contrast, arid ecosystems lose nutrients more slowly with less leaching, but have a limited potential to retain nutrients over long timescales because they support little plant biomass. In other words, plants might be able to influence the rate of nutrient loss during pedogenesis depending on the extent to which they retain nutrients in the plant-soil system, which itself depends on climate (Porder & Chadwick, 2009 ).
The conceptual model of the effects of climate on pedogenesis described above has been tested only once (Porder & Chadwick, 2009) , despite its potential importance for our understanding of terrestrial nutrient cycling. This is because doing so requires multiple long-term soil chronosequences that are similar in terms of parent material, topography and time, yet differ in terms of potential evapotranspiration, precipitation and water balance. Model systems that meet these strict requirements are exceedingly rare; so far only the well-studied Hawaiian Island sequence has been suitable. Porder & Chadwick (2009) studied three basalt lava flows on Hawaii that ranged from 10 000 to 350 000 years old, with annual precipitation from 500 to 2500 mm. At relatively dry sites (< 750 mm annual rainfall) where evapotranspiration exceeded precipitation, plants slowed nutrient loss but the effect was small because there was little plant biomass. At intermediate rainfall sites (750-1400 mm) where potential evapotranspiration exceeded precipitation (i.e. negative water balance), plant uplift of nutrients enriched the soil surface with P for at least 350 000 years, effectively compensating for leaching losses. In contrast, at the wettest sites (> 1500 mm annual rainfall) where precipitation exceeded evapotranspiration (i.e. positive water balance), leaching losses overwhelmed the capacity of plants to retain nutrients after 350 000 years of pedogenesis, despite greater biomass. On much older soil (approximately 4 million years old) this effect of high rainfall occurred above 900 mm of annual rainfall (compared with 1500 mm on younger soil). This presumably reflects long-term depletion of P, reduced productivity and a reduced capacity of the ecosystem to retain nutrients against leaching losses (Vitousek & Chadwick, 2013) . The effect of plants on nutrient retention therefore appears to be strongest where potential evapotranspiration is roughly in balance with precipitation, although this can be overridden on strongly weathered soil when extreme P limitation reduces the capacity of plants to retain nutrients in the ecosystem.
The rainfall zones for P dynamics described by Porder & Chadwick (2009) reflect the balance between precipitation and evapotranspiration, and correspond to 'soil process domains' (Vitousek & Chadwick, 2013) . These are defined as climate zones within which the soil appears to change relatively little across a broad range of rainfall. The domains are separated by pedogenic thresholds where soil properties vary abruptly across a relatively small range of rainfall (Chadwick & Chorover, 2001 ). For basaltic soil on Hawaii subjected to about 150 000 years of pedogenesis, the process domains correspond to sites where: (i) evapotranspiration exceeds precipitation and carbonate accumulation dominates pedogenesis (low rainfall < 700 mm), (ii) evapotranspiration is slightly greater than precipitation (700-1500 mm) and plant uplift and retention of nutrients can compensate for leaching losses, (iii) precipitation exceeds evapotranspiration (1500-2500 mm) and pedogenesis is dominated by the accumulation of metal oxides (Chadwick et al., 2003) and (iv) saturation causes iron to be solubilized and lost by reduction and leaching (> 2500 mm, a very wet domain) (Chadwick & Chorover, 2001; Vitousek & Chadwick, 2013) . Above the threshold where precipitation exceeds evapotranspiration, the soil pH, base cations and base saturation decrease, and exchangeable Al increases (Chadwick et al., 2003) . These changes are linked to the depletion of primary minerals and leaching at a greater rate than that at which they are replenished by weathering. It is unknown whether these pedogenic domains and thresholds apply more broadly outside Hawaii.
To investigate how climate influences pedogenesis and nutrient availability during long-term ecosystem development, we studied a series of four long-term (Early Pleistocene, approximately 2 million years) chronosequences along a rainfall gradient in southwestern Australia. Our recent study of soil development along the Jurien Bay chronosequence corresponds to the driest chronosequence in the present study . The Jurien Bay chronosequence shows a characteristic pattern of soil development with decalcification of young carbonate-rich dunes, formation of a petrocalcic horizon and leaching of iron oxide coatings from sand grains leaving bleached quartz sands many metres deep. These changes correspond with marked depletion of soil P and other nutrients, leading to some of the most infertile soil in the world on the oldest dunes. We have now extended our research at Jurien Bay to similar coastal dune deposits that extend hundreds of kilometres south along a strong climate gradient, enabling us to identify three additional long-term soil chronosequences with dunes of similar age but contrasting water balance. Our aim was to use this climosequence of chronosequences along the coast of southwestern Australia to examine how climate influences soil development and nutrient availability during long-term pedogenesis.
Materials and methods

Regional overview and description of the chronosequences
A series of dune deposits parallel to the coast of southwestern Australia extends for approximately 400 km along the Swan Coastal Plain from Geraldton (28.7774 ∘ S, 114.6150 ∘ E) in the north to Dunsborough (33.6082 ∘ S, 115.0940 ∘ E) in the south (Figure 1 ). The dunes have been formed by periodic interglacial sea-level high-stands since the Early Pleistocene or Late Pliocene (i.e. 2.59 million years ago) (Kendrick et al., 1991) . An additional area of dunes along the southern coastline near Pemberton (34.4400 ∘ S, 116.0500 ∘ E), the Scott Coastal Plain, is assumed to correspond to the main dune deposits on the Swan Coastal Plain (Playford et al., 1976) . The dunes and their associated soil types are grouped into three main units according to the underlying parent sand deposits (McArthur & Bettenay, 1974; Playford et al., 1976) . The Quindalup dunes are of Holocene age (up to 6500 years old), the Spearwood dunes are of Middle Pleistocene age (120 000-500 000 years old) and the Bassendean dunes are Early Pleistocene (approximately 2 million years old). Geologically, the three dune systems correspond to the Safety Bay Sand, the Tamala Limestone and the Bassendean Sand, respectively (Playford et al., 1976) .
The Jurien Bay chronosequence is 200 km north of Perth (Figures 1 and 2a) (Laliberté et al., 2012; . We now identify three additional chronosequences spanning a strong climate gradient along the coastline. These chronosequences on the Swan Coastal Plain are near Guilderton, approximately 75 km north of Perth (Figure 2b Along each of the three new chronosequences we delineated six or seven chronosequence stages: three Holocene (stages 1-3), three Middle Pleistocene (stages 4, 5 or 5a,b) and one Early Pleistocene (stage 6). In the three drier chronosequences on the Swan Coastal Plain (Jurien Bay, Guilderton, Yalgorup) these stages correspond to the Quindalup (Holocene), Spearwood (Middle Pleistocene) and Bassendean (Early Pleistocene) dunes (Figure 2a (Figure 2d ), whereas the oldest stage is mapped as the Cleave series (Purdie et al., 2004 ).
The precise ages of dune formation are not known for any of the chronosequence stages, but evidence indicates that the chronology ranges from the Holocene to the Early Pleistocene (see , for a review). We assume that the broad chronology of dune formation and relative spatial configuration of dunes are consistent along the entire Swan Coastal Plain (Playford et al., 1976; McArthur, 2004) . We also assume that the chronology of the Swan Coastal Plain is comparable to the main stages of dune formation along the Warren chronosequence on the Scott Coastal Plain (Playford et al., 1976) , given that the formation of the main coastal dunes in the region relates to sea levels during interglacial periods throughout the Pleistocene (Kendrick et al., 1991) . Thus, time is constrained only within the limits of our broad estimates about the timing of dune formation.
Climate along the chronosequences
Precipitation, potential evapotranspiration and temperature are plotted in Figure 1 , and the data for the four chronosequences are given in Table 1 . Mean annual rainfall increases from 533 mm at Jurien Bay in the north to 1185 mm at Warren in the south. The dry season, defined here as the number of months with < 30 mm of rainfall, varies from 2 months at Warren Beach to 7 months at Jurien Bay. Mean annual temperature varies from 15.2 ∘ C at Warren in the south to 19.0 ∘ C at Jurien Bay in the north. Mean monthly minimum temperatures occur in July (10.1 ∘ C at Warren to 13.1 ∘ C at Jurien Bay) and mean monthly maximum temperatures occur in January or February (20.3 ∘ C at Warren and 25.6 ∘ C at Guilderton). Annual potential evapotranspiration ranges from 1133 mm at Warren Beach to 1433 mm at Jurien Bay, also reflected in water balances that range from −900 mm at Jurien Bay to +52 mm at Warren.
There is little information on paleoclimate for the four sequences. Evidence suggests a trend of increasing aridity in central and Western Australia beginning in the Miocene (e.g. Fujioka et al., 2009) or perhaps the Quaternary (e.g. Zheng et al., 1998) . However, the Swan Coastal Plain appears to have been buffered climatically during the Quaternary, with a hydrological regime similar to the present (Wyrwoll et al., 2014) . In particular, Karri trees (Eucalyptus diversicolor) and other moisture sensitive plants in the far southwest of the region did not disappear despite arid conditions further inland. Historical changes in climate almost certainly occurred during the development of the chronosequences, but available evidence suggests that this was relatively moderate compared with the more substantial variation further inland (Wyrwoll et al., 2014) . We assume, therefore, that the climate ranking of the four chronosequences from the drier north to wetter south has been maintained throughout their geological history.
Soil moisture and temperature regimes in Soil Taxonomy are defined by the control section between 30 and 90 cm in sandy textured soil (Soil Survey Staff, 1999) . No soil temperature data were available for the chronosequences, so we estimated them from air temperatures at nearby stations. Mean annual air temperature varied between 15.2 ∘ C and 19.0 ∘ C, and for all sequences the difference between the minimum and maximum mean monthly temperature is >6 ∘ C. Therefore, the soil temperature regime is thermic for all four chronosequences. Despite the marked variation in rainfall and potential evapotranspiration along the climate gradient, the four chronosequences are all under a xeric moisture regime because the soil is dry for at least 45 days in summer, wet for at least 45 days in the winter and moist for more than half the year in total. The latter criterion is marginal at Jurien Bay where precipitation exceeds evapotranspiration for at least 6 months of the year. In the xeric moisture regime, rainfall is particularly effective for leaching because it occurs in winter when potential evapotranspiration is least.
Soil sampling
A profile pit was excavated at each of six (Jurien Bay) or seven (all other chronosequences) stages along each chronosequence ( Figure 2 ). The pits were on the shoulders or upper slopes of dunes, except for the stage-6 profile where dune morphology was indistinct. Pits were at least 1-m deep, and up to 2-m deep on older dunes. Deeper soil was sampled by augering through the pit floor when necessary (up to 6-m deep). However, deep augering was often constrained by dry sand lacking in cohesion, despite the use of a specially designed sand auger (Dormer Soil Samplers, Murwillumbah South, New South Wales, Australia) and frequent addition of water to the auger hole. We did not sample the thin, intermittent and seasonally variable litter layer (O i horizon). Profiles were described according to Soil Taxonomy (Soil Survey Staff, 1999) and the Australian Soil Classification (Isbell, 2002) , and samples were taken from each horizon for bulk density and laboratory analysis. Profile descriptions and analytical data are provided in full in the Supporting Information. Profile data for the Jurien Bay chronosequence are from .
To quantify changes in nutrients that could limit biological activity, we sampled surface soil (0-10-cm depth) in 80 10 m × 10 m plots across the four chronosequences (20 plots per chronosequence). In each chronosequence, first we selected five chronosequence stages (stages 1, 2, 3, 4 and 6) that represented a strong gradient of nutrient availability and of the type and strength of nutrient limitation, based on previous research along the Jurien Bay chronosequence (Laliberté et al., 2012; Hayes et al., 2014; and on previous soil analyses by McArthur (2004) . We excluded the older Spearwood dunes (stages 5a and 5b) from the surface soil sampling because there is little variation in surface soil chemistry between older Spearwood and Bassendean soils . For the Jurien Bay chronosequence, we randomly selected four existing plots (Laliberté et al., 2012 Hayes et al., 2014; Zemunik et al., 2015) . For the other three chronosequences, the four replicate sampling plots in each of the five chronosequence stages were placed randomly and at least 50 m apart near the profile pits to ensure that replicate plots followed the same dune. In each plot, we took four soil samples at 0-10-cm depth with a 50-mm-diameter sand auger, which were bulked and homogenized at plot level before chemical analyses. The homogenized samples were sieved (< 2 mm) to remove roots and other large organic debris. Resin P was determined on fresh soil (see below) and the remaining soil was air-dried prior to further laboratory analyses.
Soil analysis
Soil analysis for profile pits and surface samples was identical to that described previously . Briefly, soil pH was determined in both deionized water and 10 mm CaCl 2 in a 1:2 soil to solution ratio with a glass electrode. Sand (53 μm to 2 mm), silt (2-53 μm) and clay (< 2 μm) sized particles were determined by the pipette method following pretreatment to remove soluble salts and organic matter (Gee & Or, 2002) , with further separation of sand fractions by manual dry sieving. Total carbon (C) and N were determined simultaneously by automated combustion and gas chromatography with thermal conductivity detection using a Thermo Flash 1112 elemental analyser (CE Elantech, Lakewood, NJ, USA). Total P was determined by ignition (550 ∘ C, 1 hour) and extraction in 1 m H 2 SO 4 (16 hours, 1:50 soil to solution ratio). This procedure provides a rapid approximation of total P, but can underestimate the true value in strongly weathered soil (Walker & Adams, 1958; Condron et al., 1990) . Exchangeable cations were determined by extraction in 0.1 m BaCl 2 (2 hours, 1:30 soil to solution ratio) and detection by inductively-coupled plasma optical-emission spectrometry (ICP-OES) with an Optima 7300 DV (Perkin-Elmer Ltd, Shelton, CT, USA) (Hendershot et al., 2008) . Carbonate was determined by mass loss after addition of 3 m HCl (Loeppert & Suarez, 1996) and organic C was calculated as the difference between total C and CaCO 3 -C. Bulk density was determined by taking three replicate cores of known volume per horizon with a 7.5-cm diameter stainless steel ring and determining the soil mass after drying at 105 ∘ C. Readily-exchangeable phosphate (resin P) was determined by extraction with anion exchange membranes (Turner & Romero, 2009) . Total exchangeable bases (TEB) was calculated as the sum of the charge equivalents of Ca, K, Mg and Na; effective cation exchange capacity (ECEC) was calculated as the sum of the charge equivalents of Al, Ca, Fe, K, Mg, Mn and Na; base saturation was calculated by (TEB / ECEC) × 100.
Leaf area index
Leaf area index (LAI) was estimated in the same plots from which surface soil was collected with a portable plant canopy imager (CI-110, CID Bio-Science, Camas, WA, USA). We took four canopy images per plot, each separated by 7 m. Images were taken with the camera as close to the ground surface as possible to include vegetation of low stature and processed with the built-in software. Leaf area index was calculated by the gap-fraction inversion procedure.
Statistical analyses
Differences in soil properties among chronosequence stages within each of the four chronosequences were tested using generalized least squares models with the nlme package in R (Pinheiro & Bates, 2000) . Model assumptions (i.e. residuals centred around zero with constant variance) were assessed visually and appropriate variance structures (e.g. different variances for each chronosequence stage) were specified in the models if they improved the fit determined by likelihood-ratio tests. This ensures that model assumptions are not violated and that parameter estimates for the fixed effects are trustworthy (Pinheiro & Bates, 2000) . We calculated 95% confidence intervals from final models with the effects package in R (Fox, 2003) .
Results
Vegetation
Vegetation varies markedly along the climosequence, from low stature shrubland in the north to relatively tall eucalyptus forest in the south (Figure 3a-d) . This change in vegetation structure was reflected in the variation of LAI, for which maximum values increased from approximately 0.5 or less at Jurien Bay in the drier north to 1.5 at Warren Beach in the wetter south (Figure 3e) . Within the sequences, LAI generally increased in the younger stages and declined in older stages; this was less clear for the relatively dry Jurien Bay chronosequence and most pronounced for the wet Warren Beach chronosequence. 
Pedogenesis along the chronosequences
Pedogenesis along all chronosequences followed a similar pattern to that reported previously for Jurien Bay . Young soils developed on Holocene dunes were greyish, yellowish or pale brown with weakly developed surface horizons enriched with organic matter overlying several metres of unweathered calcareous sand (see Supporting Information). All young soils contained carbonate, but carbonate concentrations in the beach sand and youngest soils were greatest at Jurien (≥ 80% CaCO 3 ), less at Guilderton and Yalgorup (> 40%) and least at Warren (≤ 5%) ( Table 2 ). This indicates a gradient of declining carbonate concentration in modern parent sand from north to south. Despite this, young soil was strongly or very strongly alkaline in all chronosequences ( Table 2) .
The soil across the four chronosequences contained > 90% sand (Table 2) , predominantly fine, medium or coarse (0.1-1.0 mm), with few very fine or very coarse grains (Table S1 , Supporting Information). Carbonate declined with pedogenesis in all chronosequences, and was absent from stage 4 profiles (Middle Pleistocene) above the indurated petrocalcic horizons (calcrete) where present. Carbonate depletion occurred earlier in the surface horizons of the two wetter sequences; it was evident in stage 2 profiles at Yalgorup and Warren (Table 2, Figure S1 (Supporting Information)) and carbonate was almost completely leached from stage 3 (old Holocene) dunes at Warren.
With pedogenesis the soil begins to acidify, carbonate is progressively leached from the profiles and precipitated at depth, forming an indurated petrocalcic horizon beneath residual yellow sand characteristic of young Spearwood dunes (120 000 years old; stage 4). The soils have brownish yellow subsoil with > 95% residual quartz sand. The yellow colour derives from goethite and the weathering of minerals such as ilmenite, garnet, amphibole and epidote (Bastian, 1996) . Continued pedogenesis leads to progressive leaching of iron oxides, sometimes forming a horizon dominated by illuvial iron a Data on sand size distribution are presented in Table S1 , Supporting Information. b Data on Jurien Bay profiles from . ECEC, effective cation exchange capacity; Base sat., base saturation.
oxides (Bs horizon), and leaving bleached quartz sand profiles several metres deep, characteristic of the Bassendean dunes (approximately 2 million years old; stage 6). The oldest soils have little cation exchange capacity, although base saturation remains large because extractable Al concentrations are relatively small (Table 2) . Although the organic horizon is typically limited to a thin layer of leaf litter at most sites, organic matter inputs seem sufficient to induce podzolization in the sandy soil with little buffering capacity. The major pedogenic transitions were observed only weakly at Jurien Bay, but were reflected clearly in profiles at Guilderton and Yalgorup (Figure 4 ). In particular, the old Quindalup dunes (stage 3) at Guilderton had a calcic horizon with weakly cemented secondary carbonates and an incipient undulating petrocalcic horizon (Figure 4c -e and j-k). In contrast, pedogenesis did not form a petrocalcic horizon at Warren, presumably because of the smaller carbonate content of the parent sand and greater leaching potential under the wetter climate. The old Spearwood dunes at Guilderton, Yalgorup and Warren included clear examples of the transition from Spearwood to Bassendean soils, with gradual leaching of iron oxides leading to the development of a deep bleached eluvial (E) horizon over yellow sand (Figure 4f-i and l-n) . Only the initial stage of this process was identified at Jurien, with a shallow incipient eluvial horizon in the oldest Spearwood dune.
Soil taxonomy
Profiles along the four sequences did not qualify as Inceptisols in general because the particle-size classes were too coarse for cambic horizons (which require a texture of very fine sand or finer; Table 2 ). As at Jurien Bay, young soils (stages 1-3; Figure 4a -c) along the four sequences were classified as Psamments (Entisols) because of their coarse sandy texture. These young profiles were Quartzipsamments at Warren because of the nature of the sand, but Xeropsamments elsewhere ( Table 2 ). The Xeropsamments were carbonatic, except for the youngest soil at Yalgorup where the carbonate content was marginally insufficient. The oldest Holocene soils at Guilderton and Yalgorup did not qualify as Inceptisols because the calcic horizons with free secondary carbonates were not within 100 cm of the soil surface. In the Australian Soil Classification (Isbell, 2002 ) the young Holocene soils are predominantly Shelly or Arenic Rudosols, whereas the old ones are Calcic or Petrocalcic Tenosols at Guilderton and Yalgorup, and Grey-Orthic Tenosols at Warren. Middle and Early Pleistocene soils (stages 4-6; Figure 4f -i) were Quartzipsamments (Entisols) along the four sequences because their deep quartz sand profiles lack diagnostic horizons in the upper part of the profiles. The exceptions were the youngest Spearwood soils at Jurien and Yalgorup, which were Calcic Haploxerepts (Inceptisols) because of the petrocalcic horizon within 150 cm of the soil surface. The stage 4 profile at Guilderton was similar, but did not qualify as an Inceptisol because the petrocalcic horizon was > 150 cm below the soil surface. In the Australian Soil Classification the Middle Pleistocene soils are Grey or Yellow-Orthic Tenosols, with the younger profiles in the Petrocalcic Great Group, and the older soils with a spodic horizon (stages 5b and 6) being Sesquic or Humosesquic Aeric Podosols.
Soil from stage 6 (Figure 4i ) was morphologically, chemically and physically similar along each of the four sequences. The designation of Entisols for these 2-million-year profiles is an artifact of the Soil Taxonomy system, which does not consider parts of the profile deeper than 200 cm . The same occurs for some Quartzipsamments in Florida, USA, leading to a landscape of alternating Spodosols and Entisols when the depth of the Bh horizon fluctuates around 200 cm (Harris et al., 2005) . We observed a clear spodic horizon in Bassendean soil only along the Yalgorup chronosequence, although this indurated 'coffee rock' was too deep (> 200 cm) for the profile to be placed in the Spodosols. However, an additional profile at Warren, not on the main chronosequence but on Bassendean sand, qualified as a Spodosol with a spodic horizon within 200 cm of the soil surface (see profile classifications in Supporting Information). Quartz-rich soils often contain insufficient metals to produce a spodic horizon and develop into Quartzipsamments (Fanning & Fanning, 1989) . Nevertheless, variation in the presence of a spodic horizon in the Swan Coastal Plain has been linked to differences in proximity to the water table (McArthur & Russell 1978) . In the absence of spodic horizons, the Bassendean profiles qualify as Grey-Orthic-Tenesols in the Australian Soil Classification.
Organic carbon, total nitrogen and total phosphorus
Profile-weighted organic C and N stocks followed a consistent pattern along chronosequence stages, but varied across the climosequence (Table 3 , Figures S2 and S3, Supporting Information) . Stocks of both C and N tended to increase in the early stages of pedogenesis, reaching up to 12 kg C m −2 and 648.5 g N m −2 in the old Holocene dunes at Yalgorup, and then to decline to smaller amounts in older dunes (Table 3) . Organic C was, however, noticeably large in the oldest soil at Guilderton (9.8 kg C m −2 ) compared with the earlier stages of the sequence.
Total P stocks in the youngest soil (stage 1) were greatest at Jurien (300 g P m −2 ), smaller at Guilderton and Yalgorup (210-240 g P m −2 ) and smallest at Warren (36 g P m −2 ), reflecting variation in the carbonate and P contents of the parent sand (Table 3, Figure 5 ). Total P declined more or less continuously throughout the chronosequences to very small amounts of < 5 g P m −2 in old Spearwood and Bassendean soils. An exception was the increase in total P concentration in the Holocene dunes at Yalgorup, probably because of the large primary productivity at this old site (reflected in the large organic C content).
In surface soil (0-10-cm depth) along the four sequences, organic C concentrations were smallest in the youngest chronosequence stage and then increased to the largest values in stage 2 or 3, except for Yalgorup where organic C was also large in the oldest Holocene stage (Figure 6a ). There was a decline in organic C from stage 3 to 4 in three chronosequences (Jurien Bay, Guilderton and Yalgorup), whereas organic C remained constant from stage 3 to 4 in Warren (Figure 6a) . Total nitrogen followed similar patterns to organic C (Figure 6b ). Total N concentrations were initially small in all chronosequences, then reached maximum values in stage 2 (Jurien Bay) or stage 3 (all other chronosequences). Following this increase, there was a decline in total nitrogen from stage 3 or 4 in all chronosequences (Figure 6b ). In the oldest soil (stage 6), total N concentrations were as small as stage 1 for all sequences except Yalgorup (Figure 6b ).
In the three sequences from the Swan Coastal Plain (Jurien Bay, Guilderton and Yalgorup), there were large differences in total P concentrations between the Holocene dunes, which had relatively large concentrations, and the older stages, which had very small total P concentrations (Figure 6c ). In contrast, total P concentrations in surface soil at Warren were much smaller in stage 1, increased slightly to stage 4, probably because of plants lifting nutrients to the topsoil and the concentration in organic matter at the surface (Laliberté et al., 2012; , then declined to very small concentrations in stage 6 (Figure 6c) .
At all stages along the four chronosequences there was a clear increase in the proportion of total P present as organic P during pedogenesis; organic P was almost 100% of total P in the topsoil in stage 6 for the three wetter sequences (Guilderton, Yalgorup and Warren; Figure 6d ). In general, organic P in topsoil represented a greater proportion of total P as the climate became cooler and wetter (i.e. from Jurien Bay to Warren; Figure 6d ).
There were marked increases in the topsoil N:P ratio from the youngest to oldest stage in all chronosequences (Figure 6e) , reaching 50 or more in the oldest stages. The increase in the N:P ratio was more pronounced in the three drier Swan Coastal Plain chronosequences, whereas at Warren it increased from stage 1 to 2 but then did not increase further in older soils (Figure 6e ). Profile-weighted nutrient ratios demonstrated a similar pattern to that in topsoil (Table 3 ; Figure S4 , Supporting Information). Overall, C:N, C:P and N:P ratios increased continuously along all chronosequences, with the largest values on the oldest soils. For profile-weighted ratios, the largest values were a C:N ratio of 51.4, C:P ratio of 3764 and N:P ratio of 73.2 in the oldest profile at Guilderton.
Surface soil pH, exchangeable phosphorus and exchangeable cations
Surface soils in all four chronosequence stages were initially alkaline (pH > 7 in 0.01 m CaCl 2 ), but then gradually acidified during pedogenesis (Figure 7a ). Some young soils were strongly alkaline (pH > 9 in water); such values have been reported previously for comparable dunes nearby (McArthur, 2004) and presumably reflect the predominance of sodium carbonate over calcium carbonate, although we did not measure this. Soil pH in surface soils in stage 1 decreased from the driest to the wettest sequence (i.e. Jurien Bay > Guilderton > Yalgorup > Warren), reflecting the decline in carbonate concentration of the beach sand from Jurien Bay to Warren (Table 2) . Similarly, soil pH in the oldest stages was higher at Jurien than in the other sequences.
Resin P concentrations were largest in the youngest soil of the three drier chronosequences and then declined continuously with pedogenesis to the smallest values on the oldest soil (Figure 7b ). In contrast, resin P concentrations at Warren increased with pedogenesis in Holocene dunes, then declined on Middle and Early Pleistocene dunes (Figure 7b ). Overall, resin P concentrations on the oldest dunes were smaller at the driest site (Jurien Bay).
In all chronosequences, effective cation exchange capacity (ECEC) declined in the oldest soil to very small values (Figure 7c ). However, changes in ECEC during the first three stages differed among chronosequences. In Jurien Bay, and in Guilderton to a lesser degree, there was a general decline in ECEC from the youngest to the oldest soil (Figure 7c ). By contrast, in Yalgorup and Warren there were increases in ECEC from stages 1 to 3 before the decline in the older soil (Figure 7c ). At all stages of the four chronosequences, ECEC was dominated largely by Ca Chronosequence stage Soil N:P ratio (e) Figure 6 Changes in (a) organic C, (b) total N, (c) total P, (d) proportion of total P present as organic P and (e) total N:total P ratio, in surface soils (0-10-cm depth) across the four chronosequences. Bar heights represent means (n = 4) and error bars represent 95% confidence intervals.
irrespective of soil age, and Mg was the second most important exchangeable cation (Figure 7c ). In contrast, concentrations of other exchangeable cations (Al, Fe, K, Mn and Na) were very small (Figure 7c) . The large ECEC of young soil probably reflects extraction of Ca from carbonates. Base saturation was > 90% in surface soils throughout the four sequences; it was < 100% only in Pleistocene soils (Figure 7d ).
Discussion
The set of four long-term chronosequences forming a climosequence of chronosequences in southwestern Australia is exceptional because of its Mediterranean climate and location in a global biodiversity hotspot (Hopper & Gioia, 2004) , making it particularly valuable for understanding edaphic controls over plant species distributions (e.g. Laliberté et al., 2014; Zemunik et al., 2016) . The chronosequences enable examination of the effect of climate on patterns of pedogenesis and nutrient status during long-term ecosystem development. Such climate × age systems are rare worldwide: the only comparable framework that we are aware of is on the Hawaiian Islands where steep rainfall gradients, well-constrained parent material and uniform vegetation allow unparalleled control of soil-forming factors (Vitousek, 2004) .
Despite relatively large variation in climate, pedogenic change has been remarkably consistent along the four chronosequences, with decalcification in Holocene dunes and leaching of iron oxides from Middle Pleistocene dunes, resulting in bleached quartz sand profiles several metres deep on Early Pleistocene dunes. These transitions are reflected in the profiles along the chronosequences, providing evidence that soil variation in the sandplains has resulted from in situ soil development. In particular, profiles show the formation of calcic and petrocalcic horizons resulting from carbonate leaching, and the development of deep eluvial horizons with the leaching of iron oxides from quartz grains.
Changes in plant-available nutrients during ecosystem development were also consistent along the four chronosequences: N concentrations increased in young soils, P concentrations and exchangeable cations declined in old soils and N:P ratios increased throughout ecosystem development. This pattern of nutrient availability corresponds with the Walker & Syers (1976) model of nutrient transformations during pedogenesis. Despite clear effects on vegetation structure (reflected by changes in LAI), climate effects on nutrients in soil appeared marginal; the only clear variation with climate was in the nature of the soil P pools. Specifically, the proportion of organic forms of P was greater and increased earlier in ecosystem development at wetter sites, whereas resin P concentrations were also greater in old Holocene and Middle Pleistocene dunes at the wettest site. These differences suggest that greater plant biomass or productivity maintains P in actively cycling pools, and therefore might buffer against nutrient loss by leaching (Porder & Chadwick, 2009) . Vitousek & Chadwick (2013) describe 'soil process domains', in which soil properties change relatively little despite variation in rainfall. These domains occur between 'pedogenic thresholds' where soil properties change rapidly across a relatively small change in rainfall. They identified four domains for Andisols about 150 000 years old on Hawaii: (i) a low rainfall domain where evapotranspiration exceeds precipitation and carbonate precipitation dominates, (ii) an intermediate domain where biological uplift of nutrients buffers against loss by leaching, (iii) a high rainfall domain where leaching losses dominate and (iv) a very wet domain where saturation causes iron to be solubilized and lost by reduction and leaching. The intermediate rainfall domain on Hawaii occurs between about 700 and 1700 mm, and based on the results for our Australian climosequence the four chronosequences appear to occupy a similar process domain within this rainfall range. For example, patterns of nutrient availability and pedogenesis are similar across the entire climosequence, and precipitation exceeds potential evapotranspiration at the most southerly site only, and there only marginally (52 mm). The lack of variation in base cations with climate is probably related in part to the sandy nature of the soils, with limited formation of clays or secondary minerals following decalcification. Soil pH and Ca concentrations decline in young soil associated with the depletion of carbonates and exchangeable Al occurs in trace concentrations; therefore, base saturation is always large despite small concentrations of base cations. Once carbonates are depleted from Holocene soil, and iron oxide coatings leached from the Middle Pleistocene soil, there is essentially no cation exchange capacity other than on organic matter.
Vegetation structure varied markedly along the climosequence and within chronosequences. Along the climosequence, vegetation changed from low-stature shrubs in the drier north to relatively tall Eucalyptus forest in the wetter south. Changes in fertility with increasing soil age appear quite constant across the four chronosequences, so the overall increase in biomass and LAI with increasing rainfall is probably related to water availability. The patterns in vegetation along the chronosequences (i.e. during ecosystem development) were consistent with the concept of retrogression (Wardle et al., 2004; Peltzer et al., 2010) ; LAI increased in the early stages of pedogenesis and then declined in the oldest soil with strong P limitation. This trend was most clear along the wetter chronosequences, where maximum LAI also occurred earlier in ecosystem development, and least clear in the driest chronosequence, where there was no consistent trend in LAI along the chronosequence. Ecosystem retrogression therefore appears to be expressed more strongly in the vegetation structure along wetter chronosequences.
Variation in expression of strong P limitation on the plant community might be affected by corresponding variation in plant community diversity. Although we have not yet conducted detailed vegetation assessments along the four chronosequences (but see Zemunik et al., 2015 Zemunik et al., , 2016 , our field observations indicate declining diversity with increasing rainfall from the hyperdiverse shrubland at Jurien Bay Zemunik et al., 2016) to the comparatively low diversity forest at Warren Beach (Hopper & Gioia, 2004) . Kitayama (2005) proposed that ecosystem retrogression is less likely in diverse plant communities such as lowland tropical forests because they are likely to contain species that can maintain productivity on soil with little P. For example, the response of the vegetation to changes in nutrient status linked to long-term pedogenesis is clear along the Hawaiian Island chronosequence where forests are dominated by a single species of tree (Vitousek & Farrington, 1997) . In contrast, strongly weathered soils at Jurien Bay support a diverse array of species that show high P-use efficiency and can maintain relatively large biomass (Hayes et al., 2014; Lambers et al., 2015; Zemunik et al., 2015) . For example, the oldest soils are dominated by slow-growing plant species with long-lived leaves that contain little P and resorb it efficiently prior to abscission (Hayes et al., 2014) . Considerable regional plant diversity might therefore buffer against a decline in productivity related to the long-term decline in P availability during retrogression (Vitousek, 2004) .
There are two caveats concerning the chronosequences. First, there is variation in the parent sand along the coastline, with smaller carbonate concentrations (and therefore total P concentrations) towards the wetter south. The regional variation in the chemical composition of beach sand presumably reflects differences in offshore productivity (McArthur, 2004 ), but we do not know whether the pattern in modern sand composition also occurred historically. Despite the variation in carbonate, however, pH remains well constrained across the climosequence. Second, there are consistent patterns of soil development along the four chronosequences, but we have not yet been able to quantify dune ages precisely and therefore rates of soil development, despite attempts at luminescence dating. However, the dune ages are relatively well constrained, particularly for the Swan Coastal Plain (see also , which provides confidence that the overall patterns are consistent among the four chronosequences. In the Spearwood dunes, Bastian (1996) recognized five stages, although at least seven sea-level high-stands are recognized. The 120 000-year high-stand (Marine Isotope Stage 5e) can be readily identified and is consistent among our chronosequences, whereas a 200 000-year high-stand was relatively small and likely to have been overridden by the subsequent 120 000-year event. Before that, high-stands occurred at approximately 220 000, 240 000, 280 000, 330 000 and 410 000 years. Therefore, it is likely that Spearwood stages 4 and 5a in our sequences are separated by at least 100 000 years, but that stages 5a and 5b could be separated by as few as 20 000 years or as many as 190 000 years.
Conclusion
A series of four long-term retrogressive chronosequences across a clear climate gradient in southwestern Australia provides an important model system for studying long-term soil and ecosystem development, particularly given that well-characterized retrogressive sequences are rare worldwide. These four sequences are particularly valuable because they provide strong natural gradients of soil fertility to explore plant adaptations to declining nutrient availability and edaphic drivers of plant and microbial diversity under contrasting climates. They can also be used to examine the independent influence of climate on above-and below-ground organisms while controlling for variation in soil nutrients.
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